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ACID OUT OF ROOTS?
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Alpha-methoxyphenylacetic acid (MOPA) was re-
ported in 1953 to have marked plant-growth-modify-
ing properties and to be readily translocated by bean
and other plants (6). When applied to leaves or
stems, this compound was absorbed and translocated
both upward and downward within the plant. It
moved down into the roots and out of them and was
absorbed by adjacent or nearby roots of an untreated
plant; then it moved upward in the stem of this
plant to partially developed leaves which subsequently
became malformed (7). This phenomenon of plant
regulators moving out of roots, however, is uncommon
(7). MOPA moved from various kinds of bean
plants to other bean plants and from other broad-
leaved plants to bean, causing malformation and in-
hibition of new growth. There was no evidence at
that time that the acid moved from corn to any other
plant.

In studying the translocatability of a compound,
it is, of course, necessary to identify the compound by
either biological or chemical means after it has been
moved through the plant. In a previous study (5)
the downward transport and exudation of MOPA
were proved by applying approximately 150 ugm of
C14-carboxyl-tagged MOPA to the stems of several
bean plants. These plants were then grown with their
roots immersed in aerated tap water. Three days
later the water was found to contain radioactivity.
A sample of the water was evaporated and the residue
partitioned on paper. This residue was identified as
MOPA. If any radioactive metabolites or degrada-
tion products were exuded by the roots, these were
not detectable. These earlier results indicate that
some of the methoxy acid was absorbed by the stems,
translocated to the roots and exuded without detecta-
ble chemical change.

The present investigation is concerned with the
exudation of MOPA as affected by its absorption and
translocation, the amount of MOPA applied and en-
vironmental conditions.

1 Received April 18, 1957.

MATERIALS AND METHODS

Carboxyl-tagged alpha-methoxyphenylacetic acid
was prepared on a micro scale from benzaldehyde and
sodium cyanide-C14 by a modification of the standard
procedure (1, 8) involving the successive preparation
of mandelonitrile and mandelic acid and the conver-
sion of the latter to MOPA by methylation with di-
methyl sulfate.

Young plants of Pinto bean, approximately 5
inches (ca 12 cm) tall, were grown in aerated tap
water or nutrient solution for these experiments.
The plants, grown in pots containing soil, were re-
moved, and after their roots were washed free of soil,
they were placed in beakers containing the aerated
tap water or nutrient medium.

Five ugm of Cl¢-tagged MOPA dissolved in water
was then spread evenly on the upper surface of each
primary leaf by means of a thin glass rod, making 10
pgm per plant. Each beaker contained three plants.
After preliminary tests for periods up to 300 to 350
hours, it was arbitrarily decided that further experi-
ments would be terminated after approximately 200
hours, as this was long enough to demonstrate the pat-
tern of exudation. During this period, 20-ml portions
of the solution were taken at successive intervals of
24 hours, except for the first 48 hours during which
samples were taken more frequently, to determine the
concentration of radioactive exudate. These aliquots
were then evaporated in metal planchets and tested
for radioactivity. Solutions in the beakers were al-
ways readjusted to their original volume and, when-
ever necessary, correction for self-absorption was
made.

RESULTS

The presence of MOPA in the tap water surround-
ing the roots was first detected about 5 hours after
application of 5 ugm of the acid to each leaf. The
amount in the water surrounding the roots (the
amount exuded less the amount reabsorbed by the
plant through its roots and that adsorbed on the glass)
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increaszed, reached a maximum, and then decreased
(fig 1). This general pattern was observed in experi-
ments carried out with plants subjected to a variety
of environmental conditions. In experiments con-
ducted during the following fall and winter, however,
the maximum concentration of exudate in water sur-
rounding the roots was more (50 9%) than that in
water surrounding the roots of comparable plants
grown during the summer (fig 2).

Plants grown with their roots in nutrient solution
exuded and reabsorbed MOPA in a pattern similar to
those grown with their roots in tap water. There was,
however, an apparent depression of the rate of exuda-
tion when the roots were maintained in the nutrient.
This apparent depression was found to be due to the
self-absorption of radioactivity by nutrient salts pre-
cipitated in evaporation of the aliquots. The self-ab-
sorption was found to be approximately 85 9%. The
correction for self-absorption showed the amount of
MOPA exuded when the roots were in nutrient solu-
tion to be the same (within 10 %) as that exuded by
roots in tap water.

In these tests, some of the plants were grown with
their roots in tap water to which the required macro-
nutrients, including calcium nitrate, potassium dihy-
drogen phosphate, and magnesium sulfate, had been
added. Other plants were grown with their roots in
tap water alone for comparison.

The amount of MOPA exuded from the roots was
proportional to the amount applied to the leaves over
the range of dosages used. Two and one-half ugm of
MOPA was applied to each leaf in one group of
plants, 5 ugm to each leaf in another group, and 10
ugm to each leaf in a third group. The average ra-
tio of amounts of MOPA exuded by the roots in the
different groups of plants was 1:2:4, the same as the
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Fi6. 2. Average amounts of detectable MOPA C*
exudate in tap water surrounding bean roots used in ex-
periments during the summer compared with the aver-
age amounts in tap water surrounding roots in experi-
ments during the fall and winter.

ratio of the amounts applied to the leaves. These
ratios remained alike throughout the experiment.

Exudation of MOPA was retarded by removal of
the lower half of the root system. Pruned roots be-
gan to exude detectable amounts of the acid 4 to 24
hours later than did plants with comparable intact
root systems. During the early part of the experiment,
however, the concentration of MOPA in tap water
surrounding pruned roots increased at a somewhat
lower rate but eventually reached a higher level than
it did in water surrounding the unpruned roots (fig
3). After the concentration of MOPA in water around
the pruned roots reached a maximum, it decreased at
a rate comparable to that in the tap water containing
unpruned ones.

The amount of radioactive MOPA in water around
the roots was not affected by continuously subjecting
the roots to water containing stable MOPA (30 ugm
in 150 ml of water), beginning 48 hours prior to ap-
plication of radioactive MOPA to the leaves. In these
tests, comparable plants with untreated roots were
used for comparison. The results were adjusted to ac-
count for adsorption of the stable in place of the ra-
dioactive MOPA on the glass container.

Exudation of MOPA was greatly reduced by sub-
jecting the roots to a lowered oxygen supply in the
water surrounding them. Nitrogen instead of air was
bubbled through tap water surrounding the roots to
subject the roots to a reduced oxygen supply. Groups
of comparable plants with their roots in aerated tap
water were used as controls.

Plants subjected to the lowered oxygen supply be-
came somewhat wilted within 1 day and subsequently
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Fie. 3. Average amounts of detectable MOPA C*
exudate in tap water surrounding pruned bean roots
compared with the average amounts in tap water sur-
rounding roots that were not pruned.

grew very little. Although plants in water of lowered
oxygen content exuded a detectable amount of MOPA
at about the same time as did plants in aerated water,
the radioactive exudate was greatly reduced by the
lack of oxygen. During the latter part of the experi-
ment roots in water with reduced oxygen exuded only
about 20 % as much acid as did plants with their
roots in aerated water.

DiscussioN

The amount of MOPA absorbed by the leaves, the
amount translocated and exuded by the roots, the
amount adsorbed on the glass container, and also the
amount of the exuded MOPA reabsorbed by the
plant through its roots are factors which account in
part, at least, for variation observed in the amount
of the acid in the water.

It is obvious that during the period in which the
amount of MOPA in the water increased, exudation
exceeded the rate of reabsorption. As absorption of
MOPA by the leaves and its translocation to the roots
decreased with time, reabsorption of the acid by the
roots exceeded exudation. This apparently accounts
for the marked decrease in the amount of MOPA de-
tected in the water during the latter part of the ex-
periments.

A possible explanation for parts of the decrease
that occurred in the amount of MOPA in the water
during the latter part of the experiment is that bac-
teria or other microorganisms metabolized some of
the MOPA in the water and loss of radioactive carbon
dioxide from the water resulted. Both the aerated
tap water and the nutrient solution remained clear.
Notwithstanding this, some of the MOPA may have
been metabolized by the organisms and lost as C140,.
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In considering the effect of the amount of the acid
supplied to the leaves on the amount present in the
water around the roots, one has to take into account
the rate of absorption by the leaves, translocation
through the stems into the roots and the rate of exu-
dation from the roots. Since the amount of MOPA in
the water was directly proportional to the amount ap-
plied to the leaves, it seems apparent that none of the
processes mentioned were functioning at a maximum
rate, even when 10 pugm was applied to each leaf.

Factors which influenced the amount of MOPA in
water around the pruned roots were as follows: first,
the effect of reduced root surface area due to removal
of the immature portion of the root; secondly, the
effect of initiation of new roots due to pruning along
with mobilization of plant constituents associated with
this production of new roots; and finally, a decrease
in the amount of MOPA absorbed and translocated
to the pruned roots with the resultant depression in
the amount of MOPA in the water surrounding them.

Removal of the lower part of the roots involved
loss of the less mature portions including many root
tips. This, along with the fact that the total surface
area of the roots was greatly reduced, temporarily re-
sulted in a marked reduction in the amount of acid in
the water. Thus, the water surrounding the pruned
roots contained only 13 9% as much MOPA after 35
hours as did that surrounding unpruned ones as shown
in segment 1 (fig 3). The lack of a sudden increase
in the amount of MOPA in the water immediately
after pruning (up to 30 to 40 hours) indicates that a
detectable amount of MOPA was not exuded from the
injured surfaces.

Considering now the second segment of the curve
(fig 3), the marked increase in the amount of MOPA
present in the water around the pruned roots may
have been partly due to the rapid increase in lateral
root development with its resultant increase in root
surface. Utilization of carbohydrate, nitrogenous and
other plant constituents required in the production of
new roots was notably accelerated as the result of the
removal of the lower half of the roots. When exoge-
nous compounds are applied to plants, they, together
with carbohydrates, are translocated downward (2, 3,
4, 9, 10). This accelerated mobilization of carbohy-
drates required for root production probably increased
the rate at which MOPA was translocated downward
and thus resulted in a somewhat greater rate of
MOPA exudation than occurred in the unpruned
roots.

In segment 3 of the curve (fig 3), the reduced
amount of MOPA in water around the roots may have
been due to decreased absorption by the leaves and
decreased transport of the acid to the roots, thereby
allowing reabsorption by the roots to be the control-
ling factor.

Turning now to a consideration of plants with
roots exposed to stable MOPA and leaves treated with
radioactive MOPA, the roots absorbed the non-radio-
active acid from the solution around the roots. This
absorption was obvious from the fact that the stable
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form of the acid caused the plant to develop detect-
able morphological responses in the young leaves even
before the radioactive MOPA was applied. The ab-
sorption and upward transport of stable MOPA did
not interfere detectably with absorption and down-
ward transport of radioactive MOPA from the leaves.
Furthermore, the movement of the radioactive MOPA
out of the roots and its partial reabsorption by the
roots were not detectably affected by the presence of
the stable acid.

It should be mentioned, however, that radioactive
MOPA in the water surrounding the roots reached a
greater level when the roots were placed in water con-
taining stable MOPA before the radioactive form of
the acid was applied to the leaves. This increase was
apparently due to adsorption of the stable MOPA on
the surface of the glass container before the radioac-
tive MOPA was exuded by the roots. This reduced
the amount of radioactive MOPA adsorbed on the
glass surface and thus caused an increase in the
amount detected in the water.

An amount of radioactive MOPA approximately
equal to that in water around roots of plants in pre-
vious experiments (1.5 ugm per 150 ml) was added
to water in a beaker. The amount adsorbed to the
glass was about 28 9, of the amount added. This
percentage of the amount of MOPA detected in the
water surrounding the roots was, therefore, subtracted
to make the results comparable.

Assay of ground parts from plants subjected to a
reduced oxygen supply revealed that relatively little
radioactive MOPA was translocated from the leaves
to the roots of these plants (80 9% less radioactivity
in roots exposed to a lowered oxygen supply than in
roots with an adequate oxygen supply). This prob-
ably accounted for the fact that relatively little
MOPA exudate was detected in the water surround-
ing the oxygen-deficient roots. .

SUMMARY

1. C4-labeled MOPA was applied to primary
leaves of young Pinto bean plants growing in aerated
tap water or nutrient solution so that exudation and
reabsorption of the acid by the root could be studied.

2. The amount of MOPA exudate present in the
water surrounding the roots (the amount exuded from
the roots less the amount reabsorbed by the plant
through its roots and that adsorbed on the glass) in-
creased, reached a maximum, and then decreased
within a period of approximately 200 hours. This
general pattern was observed in experiments carried
out with plants subjected to a variety of environ-
mental conditions.

3. Plants grown with their roots in nutrient solu-
tion exuded and reabsorbed MOPA in a pattern simi-
lar to those grown with their roots in tap water.

4. The amount of MOPA exuded from the roots
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was proportional to the amount applied to the leaves
over the range of dosages used.

5. Exudation of MOPA was retarded by the re-
moval of the lower half of the root system. Pruned
roots began to exude detectable amounts of the acid
4 to 24 hours later than did plants with comparable
intact root systems. The concentration of MOPA in
tap water surrounding pruned roots increased at a
somewhat lower rate and eventually reached a higher
level than in water surrounding the unpruned roots.

6. The amount of radioactive MOPA exuded into
water around the roots was not affected by continu-
ously subjecting the roots to water containing stable
MOPA beginning 48 hours prior to application of the
radioactive MOPA to the leaves.

7. Exudation of MOPA was greatly reduced by
subjecting the roots to a lowered oxygen supply in
the water surrounding them.

The authors wish to express their appreciation for
the technical assistance of Dr. Wilkins Reeve, Chem-
istry Department of the University of Maryland.

LITERATURE CITED

1. Corson, B. B, Dobce, R. A, Harris, S. A. and
Yeaw, J. S. Mandelic acid. In: Organic Syn-
theses, Coll. vol. I, 2nd ed., p. 336. John Wiley
and Sons, Inc, New York 1951.

2. Hauser, E. W. and Youxg, D. W. Penetration and
translocation of 24-D compounds. Proc. North
Central Weed Control Conf. 27. 1952.

3. Linber, P. J, BrowN, J. W. and MircHELL, J. W.
Movement of externally applied phenoxy com-
pounds in bean plants in relation to conditions
favoring carbohydrate translocation. Bot. Gaz.
110: 628-632. 1949.

4. MircueLL, J. W. and Brown, J. W. Movement of
24-dichlorophenoxyacetic acid stimulus and its re-
lation to translocation of organic food materials in
plants. Bot. Gaz. 107: 393-407. 1946.

5. MircHELL, J. W. and Li~nper, P. J. Absorption and
translocation of plant regulating compounds.
AAAS Symposium on Atomic Energy and Agricul-
ture, Dec. 28, 1955 (in press).

6. MircHELL, J. W. and Preston, W. H., Jr. Second-
ary galls and other plant growth-modifying effects
induced by translocated a-methoxyphenylacetic
acid. Science 118: 518-519. 1953.

7. Preston, W. H., Jr., MircHELL, J. W. and Reeve, W.
Movement of alpha-methoxyphenylacetic acid
from one plant to another through their root sys-
tems. Science 119: 437-438. 1954.

8. Reeve, W. and CHristorreL, I. The reaction of
styrene oxide with methanol. Jour. Amer. Chem.
Soc. 72: 1480. 1950.

9. RourBauGH, L. M. and Ricg, E. L. Effect of appli-
cation of sugar on the translocation of sodium 24-
dichlorophenoxyacetate by bean plants in the dark.
Bot. Gaz. 111: 85-89. 1949.

10. WEaver, R. J. and DeERosg, R. H. Absorption and
translocation of 24-dichlorophenoxyacetic acid.
Bot. Gaz. 107: 509-521. 1946.



